Controlled arrangement of molecularly thin two-dimensional (2D) materials on a substrate, particularly into precisely organized mono-and multilayer structures, is a key to design a nanodevice using their unique and enhanced physical properties. Several techniques such as mechanical transfer process and Langmuir-Blodgett deposition have been applied for this purpose, but they have severe restrictions for large-scale practical applications, for example, limited processable area and long fabrication time, requiring skilled multistep operations. We report a facile one-pot spin-coating method to realize dense monolayer tiling of various 2D materials, such as graphene and metal oxide nanosheets, within 1 min over a wide area (for example, a 30-mmf substrate). Centrifugal force drives the nanosheets in a thin fluid layer to the substrate edge where they are packed edge to edge all the way to the central region, without forming overlaps. We investigated the relationship between precursor concentration, rotation speed, and ultraviolet-visible absorbance and developed an effective method to optimize the parameters for neat monolayer films. The multilayer buildup is feasible by repeating the spin-coating process combined with a heat treatment at moderate temperature. This versatile solution-based technique will provide both fundamental and practical advancements in the rapid largescale production of artificial lattice-like films and nanodevices based on 2D materials.
INTRODUCTION
In recent years, intensive investigations have been conducted to develop a variety of molecularly thin two-dimensional (2D) materials, ranging from graphene, boron nitride, and metal dichalcogenides to oxides, hydroxides, and others (1, 2), which exhibit unprecedented properties, such as high carrier mobility (3), enhanced catalytic activity (4) , and size effect-free high permittivity (5) . To fully use these functionalities, the primary issue of organizing the nanosheets into a highly controlled nanostructure should be resolved, and various techniques have been developed. Among them, the so-called mechanical transfer is the most used method that allows the manipulation of 2D objects, generally in micrometer-scale size, into a specific position on a substrate (6, 7) . This process, combined with modern nanofabrication techniques, such as photolithography,hasbeenwidelyappliedtodesigna"nanodevice"comprised of a single nanosheet or of a stack of a few sheets with intriguing electronic, optical, or quantum properties (8, 9) . This process is, without doubt, of extreme importance, but its sheet-by-sheet manipulation limits the applicable scope primarily to physical property measurements.
In general, practical applications require the ordered arrangement of nanosheets over a wide area. One of the most elementary systems is a monolayer of densely packed nanosheets without gaps or overlaps. Ideally, such a monolayer could be assembled repeatedly into multilayers or even into complex superlattice-like structures.
Conventional solution-based techniques, such as spin coating, inkjet printing, and spray drying, have many advantages as practical processes for wide-area coating. However, their ability to control film architecture and thickness does not come close to meeting the above prerequisites. In contrast, electrostatic self-assembly and Langmuir-Blodgett (LB) procedures enable layer-by-layer deposition of well-packed nanosheets into diverse nanoarchitectures (10) (11) (12) (13) (14) , providing new insight into lattice engineering similar to modern vapor-phase beam epitaxy techniques (15) (16) (17) . This approach has created considerable opportunities for designing advanced and sophisticated functionalities. For example, multilayer films of Ti-and Nb-based oxide nanosheets showed superior dielectric and insulating properties even at a nanoscale thickness of 10 nm (5). Furthermore, synergetic intersheet coupling was demonstrated in superlattice films with a designed sequence of multiple nanosheets, realizing unique electronic, magnetic, and photochemical functionalities (18) (19) (20) (21) (22) . However, despite these potential features, they still show limitations for industrial applications, such as long processing times and complicated deposition operations requirung expert skills. On the other hand, a spin-coating process of chemically derived graphene was recently reported, yielding uniform transparent and conducting thin films ranging from 1 to 2 up to 30 layers in thickness (23) . In addition, Kim et al. (24) demonstrated the formation of mosaic-like monolayer films of graphene oxide (GO) via spin coating of its aqueous dispersion. Nevertheless, wide applicability to other 2D materials, and the precise multilayer buildup through a sequential monolayer-bymonolayer spin-coating process, have not been demonstrated.
Here, we found that a range of submicrometer-to tens-of-micrometersized 2D nanosheets, such as metal oxides (Ti 0.87 O 2 0.52− and Ca 2 Nb 3 O 10 − ), GO, and its reduced form (rGO), could be neatly tiled into a substantially ideal monolayer on various substrates via a 1-min spin-coating process using a dimethyl sulfoxide (DMSO) suspension. The tiling process involves a new chemistry for 2D colloidal materials in a centrifugal force field. Furthermore, multilayer buildup is readily possible via repeated monolayer coating, which shows potential for a new convenient way to produce high-quality 2D nanosheet films. Figure 1A depicts DMSO suspensions of the nanosheets used for spin coating. The original aqueous suspensions of metal oxide nanosheets (Ti 0.87 O 2 0.52− and Ca 2 Nb 3 O 10 − ) (see fig. S1 ), GO, and rGO were prepared according to previously reported procedures (see the Supplementary Materials) (25) (26) (27) (28) . Next, the suspensions were converted into the DMSO ones through sedimentation of all the nanosheets International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan. *These authors contributed equally to this work. †Corresponding author. Email: sasaki.takayoshi@nims.go.jp via high-speed centrifugation followed by redispersion into DMSO. For the suspension of GO and rGO, we added an appropriate amount of tetrabutylammonium hydroxide (TBAOH) solution before redispersing in DMSO, which is a key to attain their neat tiling, as will be described below. DMSO is selected because of its appropriate viscosity as well as suspensibility of the nanosheets. (Fig. 1A, i) showed a clear schlieren texture from liquid crystallinity, reflecting their large lateral dimension, whereas the other samples of relatively small nanosheets showed a rather featureless appearance, evolving the texture only when agitated or turned around. The observable texture indicates that the nanosheets remained monodispersed in DMSO.
RESULTS
As seen from scanning electron microscopy (SEM) data (Fig. 1B  and fig. S2 ), spin coating a DMSO suspension of large-size Ti 0.87 O 2 0.52− using optimized deposition parameters (40 ml, 3000 rpm) could cover the whole surface of a Si substrate with a nanosheet film. A nearly featureless image at a low magnification suggests uniform coverage. Surprisingly, atomic force microscopy (AFM) and high-magnification SEM data (Fig. 1C and fig. S2C ) resolved individual nanosheets arranged edge to edge into a monolayer with negligible overlaps. The gaps were relatively noticeable but still limited, and a high coverage of >90% was attained. Comparably high-quality films could be fabricated with , GO, and rGO, which differ in thickness, lateral size, and chemical characteristics (Fig. 1, D to G) . Furthermore, the neatly tiled films could be obtained on various substrates, such as Si, Pt, and SrTiO 3 [Nb, 0.5 weight % (wt %)], in various size and shape ( fig. S3 ). These results clearly indicate the wide applicability and versatility of this technique.
There are two important aspects to be noted: (i) TBA + ions are essential to attain the homogenous monolayer coating with neatly packed nanosheets. We could not achieve the neat tiling of Ti 0.87 O 2 0.52− nanosheets with a DMSO suspension derived from the sample exfoliated by a tetramethylammonium hydroxide solution ( fig. S4 ). In addition, we failed to fabricate the monolayer films using the DMSO suspensions of GO and rGO without TBA + ions. Kim et al. (24) also pointed out the importance of TBA + ions for fabrication of the mosaic-like monolayer films of GO. (ii) DMSO is more suitable than aqueous suspensions as a coating medium. For example, the aqueous suspensions did not produce good films but resulted in patchy coating, contrasting to the films from the DMSO suspensions.
The film quality realizing the atomically flat surface topography with a roughness of 0.2 to 0.4 nm is comparable to that of the LB films (13, 14) . The obvious benefit is its inherently simple operation and short processing time. Typically, a monolayer coating can be completed in 1 min. In contrast, LB transfer usually takes more than 1 hour, except the LB scooping method recently developed by Archer and co-workers (29, 30) that enables much faster nanomaterial coating and does not require any mechanical barrier. An AFM analysis was conducted on a series of locations in the film of large-size Ti 0.87 O 2 0.52− , fabricated on a Si substrate (30 mmf) to obtain a closer view of their packing (Fig. 2) . Obviously, the monolayer coverage dominated the major central area. Within a radius of 8 mm from the center, the film was clean and uniform. Note that this central area nearly corresponds to the uniform blue-colored area, which appeared in the final stage of the spin coating (Fig. 2, left) . On the other hand, in the peripheral zone at 10 to 14 mm away from the center, an increasing number of overlaps are found, which provides an important hint for the film formation, as will be described.
Finding the proper deposition parameters to achieve monolayer coverage is critically important. Figure 3 illustrates the deposited amount of small-and large-size Ti 0.87 O 2 0.52− nanosheets as a function of two decisive factors, the nanosheet concentration (C), and the rotation speed (w) when performing spin coating on a quartz glass substrate. The deposited amount can be conveniently monitored by the optical absorption at 265 nm from the nanosheet. A good linear relationship was obtained in plots of absorbance versus C and log(absorbance) versus log(w) for the nanosheets. Therefore, the former correlation can be expressed as absorbance º C, and the latter can be expressed as log(absorbance) º −log(w) or absorbance º w . This empirical correlation is compatible with the theoretical prediction as an approximation at low concentrations (see the Supplementary Materials). The blue zone in Fig. 3 indicates the absorbance (0.065 to 0.075) that was observed for the monolayer film of Ti 0.87 O 2 0.52− nanosheets constructed by the LB process (14) . Thus, we can select sets of optimum parameters, C and w, from the blue region to attain the monolayer coverage.
It is interesting to investigate how the nanosheets are arranged into the neatly tiled monolayer. Figure 4 shows a series of photographs in the typical spin-coating process of the small-size Ti 0.87 O 2 0.52− nanosheets. Upon initiation of rotation, a noticeable iridescent color with a regular ring pattern appeared, which should be due to optical interference from a thin layer of the nanosheet suspension on the substrate. The progressive change of the interference pattern with time can be ascribed to a gradual thinning of the fluid layer. Note that the wide central region showed a uniform pink color after 15 s, which then turned to orange and blue. This observation suggests that a homogenous area, known as the equal thickness region, developed at the center of the substrate. This uniform thin fluid layer continually becomes thinner. The observed colors disappeared after 45 s. In contrast, the edge region had rings in multiple colors, indicating the increasing fluid layer thickness toward the substrate end.
To obtain quantitative insight, we recorded the coating process under a monochromatic light of a Na lamp (l = 589 nm). As shown in fig.  S5 , characteristic interference rings were clearly observed. We analyzed the number of the rings and their intervals, which changed with the progress of the spin coating, based on the standard equation for optical interference ( fig. S6 ). The analysis revealed that the thickness of the fluid layer became thinner than 4 mm by 10 s after the start of the rotation. The thickness quickly decreased with time, becoming as low as 120 nm.
Here, we discuss the formation of the nanosheet film on the basis of these observations. As schematically depicted in Fig. 4B , when the suspension is loaded on a substrate, it should spontaneously form a fluid layer in a concave upward shape in which nanosheets are monodispersed in a random orientation. Upon rotation, the fluid flows out from the substrate edge by the centrifugal force, and the fluid layer shape changes to downward concave. With the continuous loss of the fluid via spin coating and evaporation, the fluid layer becomes thinner and nearly flat except for the peripheral region. The nanosheets, which have a very high 2D aspect ratio, are forced to align in the radial flow direction and in parallel to the substrate in such a thin fluid layer under the centrifugal field. Another important factor to take into account is that the nanosheet surface is most likely covered with TBA ions, and the substrate surface used in these experiments is generally negatively charged. Thus, some of the nanosheets settle out onto the substrate due to electrostatic interactions; they then slide to the substrate edge because of the centrifugal force, where they are packed edge by edge due to a stopping effect of the fluid pool. Owing to the electrostatic repulsion between the Within a radius of 8 mm from the center, the film was clean and uniform. Note that this central area nearly corresponds to the uniform blue area or the equal thickness region, which appeared in the final stage of the spin coating (left photograph). On the other hand, in the peripheral zone from 10 to 14 mm away from the center, an increasing number of overlaps was found.
nanosheets at the surface and in the fluid as well as their low population (approximately one sheet in the aforementioned 120-nm-thick DMSO layer), overlapped deposition is suppressed in the thin fluid layer. Accordingly, the nanosheets are packed sequentially into a monolayer from the edge to the central region, realizing the neatly tiled arrangement upon total loss of the solvent. This mechanism is supported by 
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the observations that the packing density of the nanosheets is higher at the edge than at the center, and that an uncovered area was formed in the central region when spin-coated with an insufficient amount of nanosheets. The films thus fabricated show potential for various applications. For example, the film of Ti 0.87 O 2 0.52− exhibited high photoinduced superhydrophilicity upon exposure to ultraviolet (UV) light ( fig. S7) . Although the film is 1 nm thick, its activity was comparable to that of much thicker films of bulk anatase, which are widely used as the photocatalytic coating material (31) . Furthermore, the glass substrate covered with the nanosheets promoted the oriented growth of a SrTiO 3 film along the [110] axis via pulsed laser deposition ( fig. S8 ), indicating the seed layer effect. A great benefit for such a deposition is that substrates of amorphous materials, such as glass and plastics, can be used like a single-crystal substrate for epitaxial film growth, once coated with appropriate nanosheets (32) .
Construction of multilayer nanosheet films is also of significant importance with respect to their practical applications, including high-k dielectric nanofilms (5) . We successfully demonstrated multilayer buildup by basically repeating the spin coating. One major caution to be taken was fixing the nanosheets tightly enough to the substrate for them not to be peeled off in the following coating steps. Using a slow rotation speed and an appropriate nanosheet concentration was essential. In addition, heating the film to 100°to 200°C was effective in improving its binding to substrates. Figure 5 (A and B) shows x-ray diffraction (XRD) data and UV-visible absorption spectra when we repeated spin coating for large-size Ti 0.87 O 2 0.52− nanosheets as a typical example. The rather slow rotation speed of 1600 rpm was used, and the sample was washed with water after each deposition, followed by heating at 200°C for 20 min. The absorption peak at 265 nm attributable to the nanosheet was linearly enhanced as a function of coating cycles, clearly indicating the regular film growth. XRD data showed the evolution of basal diffraction peaks having a d value of~1.4 nm, which can be ascribed to the lamellar structure of Ti 0.87 O 2 0.52− nanosheets accommodating TBA ions as well as DMSO in the galleries. Through repeating the coating cycles, the peaks became more intense and sharper, strongly supporting the layer-by-layer growth of the film. The 10-layer film showed very sharp basal peaks up to the eighth order. The coherent length was estimated as 15 nm by Scherrer's equation, being comparable to the film thickness. The coherency over the whole film was taken as a proof of high structural order, as previously reported for the LB film (14) . High-resolution transmission electron microscopy (HRTEM) resolved the lamellar fringes from the nanosheets coated layer by layer (Fig. 5, C and D) , also revealing the uniform and highly ordered architecture of the film.
We also constructed 10-layer films of GO nanosheets [(GO) 10 ] on Si wafers. The evolution of the XRD peak and UV-visible absorption profile (Fig. 5, E and F) again provides a compelling evidence for the successful multilayer buildup. These data indicate the formation of well-developed homogeneous multilayer films, which is essentially important to develop nanodevices fully using unique aspects of 2D nanosheets.
DISCUSSION
We have demonstrated the rapid fabrication of highly organized mono-/ multilayer films from various 2D materials by a handy spin-coating method. There are two prerequisites to be noted for the successful implementation of this process. First, DMSO is a more robust medium to support spin coating of variable nanosheets, whereas the common aqueous medium cannot. Until now, only GO monolayer film was realized by spin coating in aqueous medium as reported by Kim et al. (24) . We showed that aqueous suspensions of TBAOH-exfoliated Ti 0.87 O 2 0.52− or Ca 2 Nb 3 O 10 − nanosheets were not suitable for the spin coating to obtain their neat monolayer films, instead there are a large amount of overlaps, or the nanosheets stack together rather than form a uniform monolayer. The success of DMSO might be due to its proper viscosity that prohibits nanosheets from spreading out too quickly in the spin-coating process and its suitably slow evaporation rate that timely settles nanosheets on substrates after spreading uniformly. In addition, the excellent dispersibility makes DMSO applicable for suspending nanosheets in a different solvent other than water. Second, TBA + seems at least necessary for the present three kinds of nanosheets. The role of TBA + should not simply prevent the nanosheets from aggregating together. When using TMA + in place of TBA + , all the nanosheets examined underwent severe overlaps. In the case of TBA-coated GO, Kim et al. (24) argued that TBA + modification weakens the edge-to-edge repulsion of nanosheets and promotes the disruption of hydrogen bond connecting basal planes of parallel nanosheets, which favors the formation of monolayer film rather than multilayer film. Further considerations may be needed to understand the role of TBA + because TMA + also has the similar effects like TBA + . A plausible explanation is based on different dimensions and resultant electrostatic interactions (that is, different charge-to-size ratio) of these cations. To achieve a neat tiling, the nanosheets must be able to slide on the substrate to the edge under a centrifugal force, which requires a relatively weak electrostatic interaction between the nanosheets and the substrate surface moderated by the cations. TBA + seems to meet the requirements due to its suitable charge-to-size ratio. TMA + has a smaller dimension than TBA + , yielding a relatively strong binding force, which might prevent the nanosheets from rapidly migrating over the substrate surface. As a result, serious overlapped regions were observed. On the other hand, cations larger than TBA + may also fail because the binding force might be too weak to effectively settle nanosheets on the substrate.
The monolayer formation of TBA + -coated nanosheets on the substrate should be logically considered as a progressive assembly process from the edge to the center, which is in accordance with the AFM observations. It means that the formation of monolayer film finished at the center, where a loosely packed nanosheet film was probably formed. In this regard, to finally prepare a closely packed monolayer film, it is required that the nanosheet suspension should not spread out too quickly by centrifugal force before forming a closely packed film at the center, which implies the importance of the viscosity of solvent and the concentration of nanosheet suspension. In addition, maintaining nanosheets is also dependent on the evaporation rate of solvent, rotation speed, etc. The high rotation speed is conducive to make a more densely packed film but leads to a larger evaporation rate and quicker removing rate by centrifugal force. For the above reasons, we need to adjust the rotation speed and nanosheet concentration to obtain an ideal monolayer film if the DMSO medium is used.
Spin coating has been widely used in the semiconductor industry due to its simplicity and feasibility. The highly efficient preparation of nanosheet films via spin coating, achieving monolayer tiling of nanosheets comparable to LB, certainly shows potential as a great application prospect, although there are still technological hurdles (for example, scaling up to larger substrate sizes) needed to be addressed before any practical use. ). This process was repeated several times to eliminate water from the suspension. Finally, the purified Ca 2 Nb 3 O 10 − nanosheets were dispersed into DMSO (5 cm 3 ) to achieve a nanosheet content of 1.38 wt %. The obtained suspension was used directly or after appropriately diluting with DMSO for spin coating. Graphene oxide An aliquot (5 cm   3 ) of a diluted TBAOH solution (0.5 wt %) was slowly dropped into 20 cm 3 of the pristine GO suspension to obtain a pH value of~10.2. The mixture was sonicated for 5 min and then centrifuged at 3000 rpm for 10 min to remove any unexfoliated graphite and other possible impurities. Then, the upper suspension was centrifuged again at 15,000 rpm for 30 min, and the sediment at the bottom was redispersed in DMSO to the total volume of 20 cm 3 . The resulting suspension with a GO content of~0.072 wt % was used in the spin-coating experiments. Usually, the ultrasonic treatment was applied to the sample for 10 min before spin coating to attain a good dispersion.
MATERIALS AND METHODS

Preparation
Reduced graphene oxide
The rGO nanosheets obtained as a suspension in formamide through the chemical reduction process were separated by centrifugation at 25,000 rpm for 30 min and resuspended into DMSO to produce a new suspension of 0.045 wt %. Then, 1.5 cm 3 of TBAOH solution (1.0 wt %) was slowly added, and this mixture was centrifuged again at 25,000 rpm for 30 min. The obtained sediment was resuspended into DMSO to produce the final precursor for spin coating with a concentration of 0.045 wt %. Deposition of monolayer films Typically, circular plates (30 mmf of Si and quartz glass) were used as substrates for spin coating. The substrates were cleaned by immersing them in a mixed solution of CH 3 OH/HCl [1:1 (v/v)] and concentrated H 2 SO 4 for 30 min each. Then, the DMSO nanosheet dispersion, either Ti 0.87 O 2 0.52− (40 ml), GO (40 ml), or Ca 2 Nb 3 O 10 − (20 ml), was loaded onto the cleaned substrate and spin-coated at a certain rotation speed in a clean room booth (Class 1000) regulated at 26°C. After drying, the films fabricated on the Si substrate were characterized with AFM or SEM, and those on the quartz glass slide were examined by UV-visible absorption spectroscopy. Fabrication of multilayer films Multilayer films of GO and large-size Ti 0.87 O 2 0.52− nanosheets were fabricated. Their monolayer films were deposited according to the procedures described above. Before depositing the next layer, the as-fabricated Ti 0.87 O 2 0.52− and GO nanosheet films were heated in air at 200°C for 20 min and 110°C for 5 min, respectively. For Ti 0.87 O 2 0.52− nanosheets, the heated film was washed with Milli-Q water to turn the surface hydrophilic. Multilayer films of (Ti 0.87 O 2 0.52− ) n and (GO) n were constructed by repeating the above process for n times.
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